ABSTRACT The intestinal absorption of folate occurs at the monoglutamyl level, and an important measure of food folate bioavailability is how much folate from the food reaches the intestinal sites in forms that can readily be absorbed. In the absence of protecting agents, e.g., vitamin C and reduced thiols, many labile folates may be lost during cooking and during residence in the acid-peptic milieu of the stomach. On the other hand, the presence of polyglutamyl folate necessitates the action of intestinal hydrolases, which could be affected by food constituents. In this study, we developed an in vitro assay for the determination of an index of food folate availability. The index of folate availability in this study was defined as that proportion of folate that has been identified as monoglutamyl derivatives after tests for stability and susceptibility to an enzymatic hydrolysis. The index of folate availability varied widely among foods. The highest index was for egg yolk (72.2%), followed by cowЈs livers (55.7%), orange juice (21.3%), cabbage (6.0%), lima beans (4.5%) and lettuce (2.9%). Yeast folate had the lowest index (0.3%). The availability indices generated by this study correlate with the indices of the bioavailability of the corresponding food folate observed in earlier studies, R 2 ϭ 0.529 (P ϭ 0.068). Additional information is required on the bioavailability of other food products to test the usefulness of this in vitro approach for assessing food folate availability.
Food folate is a mixture of many derivatives; they differ by the state of oxidation, one-carbon substitution of the pteridine ring and by the number of glutamate residues. These differences are associated with different physicochemical properties, which, together with certain food constitutents, could influence folate bioavailabilty. One important factor of folate bioavailability is folate stability. With the exception of 5-formyltetrahydropteroylglutamates, reduced folates are unstable; those without any carbon substitution, i.e., dihydropteroylglutamates and tetrahydropteroylglutamates are the most unstable, followed by 5-methyltetrahydropteroylglutamates, which exhibit intermediate stability (Cooper et al. 1978 , Ghitis 1969 , Gregory 1989 , Hawks and Villota 1989 , OЈBroin et al. 1975 . Exposure to air oxidation, heat and most importantly, the acid-peptic milieu of the stomach increases folate instability. The presence in foods of antioxidants such as ascorbic acid and reduced thiols protects against this instability Cooper 1979, Gregory 1989 , Hawks and Villota 1989, Malin 1977) .
Another factor that influences folate bioavailability is the presence of polyglutamyl folates. The available information indicates that bioavailability of monoglutamyl folate is higher than the bioavailability of polyglutamyl folate (Godwin and Rosenberg 1975 , Gregory 1989 , Keagy et al. 1988 , Perry and Chanarin 1968) . Polyglutamyl folates must be hydrolyzed to the respective monoglutamyl derivatives before they are absorbed by the intestine. This conversion is catalyzed by intestinal hydrolases (Halsted et al. 1975 and 1986 , Halsted 1989 . The activity of these enzymes, however, is susceptible to inhibition by the constituents found in some foods. (Bhandari and Gregory 1990 , Butterworth et al. 1974 , Rosenberg and Godwin 1971 . In addition to the inhibitory effect caused by the constituents found in the foods, the activity of these enzymes could also be influenced by the glutamate chain length. However, little is known regarding the activity of this enzyme as far as the pteridine ring structure is concerned.
In this study, we have tested a number of foods for stability of their folate to heat and/or the acid-peptic milieu that exists in the stomach. These same foods were also tested for the susceptibility of the polyglutamated folates to the action of intestinal pteroylpolyglutamate hydrolases. The data obtained were used to create an index of folate availability, which is defined as that proportion of folate that has been identified as 2 The contents of this publication do not necessarily reflect the views or policies of the U.S. Department of Agriculture, nor does mention of trade names, commercial products, or organizations imply indorsement by the U.S. Government. 3 The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked ''advertisement'' in accordance with 18 USC section 1734 solely to indicate this fact. 4 To whom correspondence and reprint requests should be addressed.
monoglutamyl derivatives after tests for stability and susceptibility to enzymatic hydrolysis.
MATERIALS AND METHODS
Materials. Sodium ascorbate, pepsin, zinc acetate, dimethyl glutaric acid and bis(2-hydroxyethyl)imino-tris(hydroxymethyl)methane (Bis-Tris) were obtained from Sigma Chemical (St. Louis, MO). Frozen cow's liver, frozen concentrated orange juice (Minute Maid, Houston, TX), fresh green cabbage and fresh romaine lettuce, active dry baker's yeast (Fleishmann brand, San Francisco, CA), large lima beans (Goya brand, Secaucus, NJ) and medium-sized hen eggs were obtained from local supermarkets.
Methods. Preparation of jejunal brush border membrane from pig intestine. We used brush border membranes from pig intestine as the source of pteroylpolyglutamate hydrolase. This brush border membrane enzyme, first identified by Reisenauer et al. (1985) in human intestine is unique because no other species except pig intestine was found to contain this enzyme. Subsequent studies by Gregory et al. (1987) demonstrated a large number of similarities between the enzymes from human and pig intestine. Membranes from pig intestine were prepared by the method of Selhub and Rosenberg (1981) . Mucosal scrapings of pig jejunum were homogenized in a Waring blender for 2 min in 5 vol of a homogenization buffer (300 mmol/L Mannitol, 10 mmol/L Tris and 16 mmol/L HEPES, pH 7.5); the suspension was filtered through cheesecloth. The filtrate was centrifuged for 10 min at 10,000 ϫ g and the supernatant passed through glasswool. After removing the filtrate, the pellet was subjected to homogenization for 2 min with 5 vol of the homogenization buffer and then combined with original filtrate. MgCl 2 (1 mol/L) was added to this filtrate to a final concentration of 10 mmol/L. After standing in an ice bath for 15 min, the suspension was centrifuged for 15 min at 3000 ϫ g. The pellet was discarded and the supernatant was subjected to a second centrifugation for 15 min at 37,000 ϫ g. The resulting pellet was resuspended in 5 vol of homogenization buffer containing 10 mmol/L MgCl 2 . After standing 15 min in an ice-water bath, the two centrifugation steps were repeated. The final pellet was reconstituted in a homogenization buffer (0.125 mL/g mucosa), divided into aliquots and stored at Ϫ70°C. Protein was determined by the Lowry method (Lowry et al. 1951) . Pteroylpolyglutamate hydrolase activity was estimated by using PteGlu 3 as a substrate for the enzyme (Reisenauer et al. 1985) .
Sample preparation. Foods were prepared as follows. Whole egg was boiled for 15 min and the whites discarded. Frozen cow's liver was thawed and minced. Dry lima beans were softened by soaking them in water for 2 h at room temperature and then draining the liquid. Bakers' yeast was used as purchased. The outer leaves of lettuce and cabbage were discarded and the remaining portions were finely chopped. Frozen and concentrated orange juice was first thawed and diluted with 3 vol of water. Each food was divided into two equal portions as follows: 1) the control portion in which folate was extracted under protective (reducing) conditions and analyzed as such without further treatment; and 2) the experimental portion in which extraction and subsequent treatments were performed under simulated conditions. Control group. Folate in egg yolk, cow's liver, lima beans, baker's yeast, lettuce and cabbage was extracted by autoclaving for 30 min at 120°C and 103 kPa in 10 vol of 20 g/L sodium ascorbate and 100 mmol/L Bis-Tris buffer, pH 7.8 ( Seyoum and Selhub 1993) . After cooling in an ice bath, the extract was centrifuged at 40,000 ϫ g for 20 min at 4°C and the supernatant fraction then stored at Ϫ70°C. Diluted orange juice solution was neutralized with 1 mol/L NaOH and stored at Ϫ70°C.
Folate content and distribution in each extract and orange juice was determined by the affinity/HPLC method as described by Seyoum and Selhub (1993) . This method is capable of identification and quantitative estimations of the individual components in any given folate mixture or extract.
Experimental group. The food portions allocated to this group underwent a series of treatments.
Cooking. CowЈs liver, lima beans, yeast and cabbage were boiled for 10 min in 10 vol of water and then subjected to 30 s homogenization in a Waring blender. Egg yolk and raw lettuce were suspended in 10 vol of room temperature water and homogenized for 30 s in a Waring blender.
Digestion with acid/peptic mixture. Homogenate and orange juices were acidified to pH 2 with 1 mol/L HCL and then thoroughly mixed with freeze-dried pepsin (0.5 g/100 g food). The mixtures were incubated for 2 h at 37°C in a shaking water bath. After incubation, the pH of the mixture was adjusted to 6.5 with 1 mol/L NaOH.
To extract the folates, the acid/peptic digest was boiled at 120 o C for 30 min in equal volumes of extraction buffer (20 g/L sodium ascorbate and 100 mmol/L Bis-Tris buffer, pH 7.8.). After cooling in an ice bath, the extract was centrifuged at 40,000 ϫ g for 20 min at 4°C and the supernatant fraction was divided into two equal portions to determine susceptibility of folates to pteroylpolyglutamate hydrolase action before and after purification by affinity chromatography.
Incubation before purification: One portion of each supernatant containing ϳ3 nmol folate was incubated as such at 37°C for 4 h in a shaking water bath with pig intestinal brush border membrane preparation (5 mg protein), 33 mmol/L dimethylglutarate buffer (pH 6.5), 0.25 mmol/L sodium chloride, 0.1 mmol/L zinc acetate and 2.5 g/L sodium ascorbate solution (Reisenauer et al. 1985) . After incubation, the distribution of folate was determined by the affinity/HPLC method as described by Seyoum and Selhub (1993) .
Incubation after purification. The second portion of the supernatant was first subjected to a purification on the affinity column and then incubated with the brush border membrane preparation exactly as described above. After incubation, the distribution of folate was then determined by affinity/HPLC as described by Seyoum and Selhub (1993) . Throughout these studies, the activity of pteroylpolyglutamate hydrolase was monitored independently using pteroylhexaglutamate as the substrate.
Data calculation. Stability of folate. Stability was calculated on the basis of a comparison of total folate concentration in the experimental group with that of a control group as follows:
where T2 is the total folate concentration in the experimental group and T1 is the total folate concentration in the control group.
Susceptibility of folate polyglutamate to hydrolysis. Susceptibility to hydrolysis was estimated by comparing the monoglutamyl folate concentration with the total folate concentration within the experimental group as follows: hydrolysis ϭ (M1/T2) ϫ 100 where M1 is the monoglutamyl folate concentration after the treatments and T2 is the total folate concentration after the treatments.
Index of folate availability. This was assessed by comparing the concentration of the monoglutamyl folate in the experimental group to the total folate concentration in the control group as follows: folate availability index ϭ ͑M1/T1͒ ϫ 100 where M1 is the monoglutamyl folate concentration after treatment and T1 is the total folate concentration in the control group.
Data analysis. Two to three tests were performed per food product. Differences in the release of monoglutamyl folate before and after purification were compared by StudentЈs paired t test statistics. The relation between the availability index and bioavailability was examined by the Pearson correlation test. The level of significance in both instances was set at P-values Ͻ0.05.
RESULTS

Folate content and distribution in foods.
The content and distribution of folate in the various foods as obtained under conditions of maximal folate protective measures are shown in Table 1 . The food products differed substantially with respect to pteridine ring structure and glutamic acid chain length distributions. Both egg yolk and thawed frozen cow's liver contained monoglutamyl derivatives; 5-methylH 4 PteGlu was the only form in egg yolk, whereas in cow's liver only 37% was 5-methylH 4 PteGlu (M1), with the rest comprised of H 2 PteGlu (D1), and H 4 PteGlu (T1). Cabbage, lettuce and orange juice contained methylated tetrahydrofolate with various glutamate chain length and at various proportions. The folate in these foods was 15-36% 5-methylH 4 PteGlu (M1). Folate in lima beans was comprised mainly of pentaglutamyl derivatives of which 61.4% were formylated H 4 PteGlu 5 (L5/F5); the remainder was comprised of 5-methylH 4 PteGlu 5 (30.3%) and the unsubstituted H 4 PteGlu 5 (T5). Yeast folates were a mixture of various polyglutamylated derivatives.
Stability and susceptibility of food folate to pteroylpolyglutamate hydrolase action. Cooking and exposure to an acid/ peptic milieu were associated with a number of changes in food folates. The most noticeable change was the loss of folate activity; the degree to which this occurred was different in the various foods ( Table 2 ). The highest loss was in lettuce in which the activity was reduced to ϳ30% of the original level. Folates in orange juice and egg yolk were the most stable, whereas those in the other foods exhibited intermediate stability. Other changes were more qualitative in nature and are characterized by the following: 1) selective destruction of labile folates, i.e., H 2 PteGlu (D1),and H 4 PteGlu (T1), in liver extracts (data are not shown), and 2) conversion of reduced folates to oxidized forms particularly to a form with spectral characteristics that correspond to 10-formyl folic acids (see Fig. 1 ). These oxidized forms were found in cabbage and lima beans, but not in orange juice.
The results of the treatment of the acid/peptic digest with the pteroylpolyglutamate hydrolase-containing brush border membrane from pig intestine are presented in Table 3 . The amount of monoglutamyl folates released after such a treatment was quite small in incubations containing the crude digest (the high amount of monoglutamyl folates in orange juice represents original monoglutamyl folates that withstood the acid peptic digestion). After purification of the folates by affinity chromatography, incubation with the hydrolase preparation resulted in significant releases of monoglutamyl folate 1 Values are means Ϯ SEM for 2-3 trials.
FIGURE 1
The diode array absorption spectrum of the unknown peak from extracts of cabbage and lima beans after the heat and the acid/peptic treatment. The spectrum shows maximal absorption at 272 nm and resembles the spectrum of 10-formyl folic acid provided by Rabinowitz (1960) . derivatives amounting to 13.4% (vs. 6.1% in the crude extract) of the total folate in cabbage to as high as 56.9% (vs. 7.1% in the crude extract) of the folate in lima beans.
The index of folate availability for the various foods used in this study is given in Table 4 . The highest folate availability index was in egg yolk (72.2%) and the lowest in baker's yeast (0.3%).
Availability vs. bioavailability. Presented in Figure 2 is the comparison between our estimates of the availability indices of food folate and the bioavailability data for folate in the same foods reported by Tamura and Stokstad (1973) and Babu and Sirikantia (1976) . Relation between these measurements was described by the following equation:
where Y represents the bioavailability of food folate and X the availability index. The two values correlate with an R 2 value of 0.529 and a P-value that was equal to 0.068.
DISCUSSION
In this study, we determined the properties of folates in a number of food products with emphasis on several factors that could influence their bioavailability. As expected, the various foods differed substantially in folate content and distribution. Egg yolk and thawed cow's liver contained only monoglutamyl derivatives, whereas other foods contained mixtures of monoand polyglutamyl folate derivatives. With the exception of lima beans, which contained formylated tetrahydrofolates, much of the reduced folates in the other foods was comprised of methylated tetrahydrofolates with various chain lengths. Exposure to an acid/peptic milieu followed by incubation with a pteroylpolyglutamate hydrolase preparation revealed even greater differences among the various foods. The most profound difference was seen in folate stability, which ranged from a high of 86% in orange juice to a low of 27% in lettuce. This difference in stability is due to a small extent to differences in the pteridine structure of the folate molecule. The labile folates (dihydro-and tetrahydro-derivatives) found in liver were mainly destroyed upon exposure to the acid/peptic milieu. Other factors, however, appeared to be even more important. Folate distribution in lettuce, cabbage and orange juice is quite similar; the great majority of folates in these foods are methylated tetrahydofolates with a different number of glutamate residues (Table 1 ). Yet the difference in stability is remarkable. This difference is probably attributable to differences in the antioxidant activities of these foods. For example, egg yolk and liver are abundant in cysteine, and orange juice and cabbage in vitamin C. In contrast, lima beans, lettuce and yeast are deficient in cysteine and/or in vitamin C (Adams 1988 , Pennington 1989 .
In orange juice, lettuce and lima beans, the release of monoglutamyl folates after incubation with the pig intestinal brush border membrane preparation was significantly lower with the crude extracts than with the affinity purified extracts. These differences in monoglutamyl folate release are probably due to the presence in these extracts of enzyme inhibitors from a number of sources. Inhibitors of pteroylpolyglutamate hydrolases have been reported to be present in lettuce (Santini et al. 1962) , in a wide variety of legume extracts including lima beans (Butterworth et al. 1973 ) and in orange juice (Bhandari and Gregory 1990) . Most recently, Wei and Gregory (1998) have shown that organic acids in selected foods inhibit intestinal brush border pteroylpolyglutamate hydrolase activity in vitro. They proposed that this inhibition was one of the mechanisms that affected dietary polyglutamate folate. However, as seen in Table 3 , the presence of inhibitors is not the only explanation because even after affinity purification, the releases of monglutamyl folate from both yeast and cabbage extracts after incubation with the intestinal hydrolase were marginal, suggesting perhaps that the purified preparations are not free of inhibitors. The ''folate availability indices'' reflect the properties of folates in the various foods as they pertain to distribution, stability and susceptibility of pteroylpolyglutamates to intestinal hydrolase. We assessed the usefulness of FIGURE 2 Relationship between the availability indices and the reported bioavailability for folate from several foods in which R 2 ϭ 0.529 and P ϭ 0.068 (Babu and Sirikantia 1976, Tamura and Stokstad 1973) . these indices by comparing them with the indices of bioavailability for the same foods as reported by Tamura and Stokstad (1973) and Babu and Sirikantia (1976) . These two quoted studies represent the best available in vivo data on folate bioavailablity. We found that the two set of indices are marginally correlated (R 2 ϭ 0.529, P ϭ 0.068). These results are encouraging. However, additional information on folate bioavailability of other food products is required to test the usefulness of this in vitro approach in assessing the bioavailability of food folate. A promising approach for studying bioavailability of food folates was introduced by Wei et al. (1996) who mixed the food with isotopically labeled folate polyglutamates. However, even this approach requires verification. There is no assurance that the exogenously added folate undergoes complete mixing with endogenous folate.
